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Abstract

CuCrZr parts were fabricated by laser beam powder bed fusion (LB-PBF) tech-

nique and subjected to different heat treatments. As a result, four different

conditions were considered for further investigations, that is, the as-built

condition, conditions of maximum hardness (MH) and maximum electrical

conductivity (MC), and a condition representing a compromise between hard-

ness and conductivity (H&C). Microstructural evolution and performance

under monotonic and cyclic loading were studied. Fracture surfaces revealed

significant volume fractions of process-induced defects such as lack-of-fusion

(LoF) and pores, irrespective of the condition considered. The effect of these

defects on the tensile behavior was found to be marginal, whereas the fatigue

performance was noticeably affected due to multiple crack nucleation pro-

moted by large LoF defects. Assessment by computed tomography

(CT) revealed a strong influence of the geometry and therefore, of the scan

path length, on resulting microstructure and defect population eventually

rationalizing obvious discrepancies to the initial process parameter and mate-

rial density optimization study.
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1 | INTRODUCTION

Besides iron and aluminum, copper (Cu) and Cu alloys
represent one of the major groups of commercial metals
with respect to production and consumption.1 They are
used in numerous applications mainly due to their
outstanding electrical and thermal conductivity.

Additionally, they are characterized by an excellent cor-
rosion resistance, nonmagnetic properties, high ductility,
and machinability as well as robust fabrication.1–4 As a
result, Cu is the material of choice for electric wiring,
relays, coils in transformers, pumps, heat-exchanging
units, and toolmaking for injection molding devices.5,6

Further fields of application are the chemical industry,
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water and gas pipes, and architecture.1,2 However, the
low strength of pure copper is always referred to as the
main drawback limiting the suitability as an inner wall
material in applications such as thrust chambers and
reactors, where a high conductivity coupled with a
sufficient strength is required.7,8 Therefore, several
precipitation-strengthened copper alloys were developed
by adding minor amounts of elements like Cr, Zr, Nb,
and Ag in order to improve the strength without a
corresponding loss of conductivity.9–11 The copper alloy
CuCrZr represents one of these candidates to satisfy the
strength-conductivity trade-off.12–15 As a result of solu-
tion annealing and aging, the strength of this alloy can be
improved by factor 2 or more.16 Due to these properties,
CuCrZr is used for special active cooling applications like
heat transfer elements for the International Thermo
nuclear Experimental Reactor (ITER).17 CuCrZr compo-
nents are conventionally manufactured by casting and
machining.18 This procedure becomes extremely
challenging, time-consuming, and thus cost-intensive,
when machining of complex precision components, for
example, cooling channels in heat transfer elements, is
required,19,20 and thus, the identification of other
processing routes can be seen as a crucial step toward a
time and cost efficient production of CuCrZr parts.

Powder bed-based additive manufacturing
(AM) technologies represent promising candidates to
overcome these problems related to restrictive conven-
tional production. Besides electron beam powder bed
fusion (EB-PBF), laser beam powder bed fusion
(LB-PBF), also referred to as selective laser melting
(SLM), is the most commonly used process allowing a
near-net-shape fabrication of complex freeform compo-
nents directly from a computer-aided design (CAD)
model without any tooling. During PBF, thin layers of
metal powder are selectively and repetitively fused on top
of each other by a high-power fiber scanning laser based
on the layer information from the sliced CAD model.20–26

In addition to the unprecedented design freedom, this
technology provides the advantage of feature integration,
for example, undercuts, inner cooling channels, or lattice
structures for complex lightweight constructions.27,28

Originated as a method of rapid prototyping and tooling,
typical applications of PBF components can be found in
the biomedical field and in the automobile and aerospace
sector.29,30

Although the range of suitable materials is still
limited, a wide spectrum of materials, for example,
aluminum alloys, tool steels, stainless steels, and Ti- and
Ni-based alloys, has been qualified for the PBF pro-
cess.31–33 Due to its high electrical and thermal conduc-
tivity, processing of Cu and Cu alloys via LB-PBF is seen
to be challenging. Furthermore, pure Cu is characterized

by a poor laser absorption coefficient in the infrared
wavelength spectrum being commonly used in LB-PBF
devices (�1060–1080 nm).6 As a result, a reduced cou-
pling of the laser energy into the metal powder, leading
to process-induced defects such as pores, lack-of-fusion
(LoF), and unmolten layers, can be observed.27,34,35 Thus,
fabrication of dense Cu parts by LB-PBF demands for
laser sources of high power or lower wavelength. For the
latter, promising results were shown by recent studies
using a green laser source with a wavelength of 515 nm
and maximum power of 1 kW.36 In contrast to pure Cu,
the absorption coefficient can be increased in Cu alloys.
However, even minor amounts of alloying elements
might concomitantly lead to a significant decrease in
electrical and thermal conductivity.6,27 The CuCrZr alloy
represents a promising compromise featuring a relatively
high absorption coefficient and high thermal conductiv-
ity.6 Thus, CuCrZr is a suitable candidate for the LB-PBF
process and was in focus of several studies being pres-
ented in the following section.

The majority of studies exploring LB-PBF CuCrZr
focused on processability, influence of process parame-
ters, heat treatments, and microstructure evolution.
Uhlmann et al.37 reported LB-PBF CuCrZr components
with a relative density >99% built with a comparatively
low maximum laser power of 350 W. The microstructure,
consisting of grains larger than usually in LB-PBF due to
the repeated application of the high level of energy, rev-
ealed pores disrupting the homogeneous grain patterns
being characterized by grain refinement around them.

A study on process parameter optimization for
LB-PBF of tool steels, AlSiMg and CuCrZr alloys was
published by Buchmayr et al..27 A bulk density of 99.96%
was successfully achieved using remelting at a layer
thickness of 20 μm, a maximum laser power of 350 W,
and a scan speed of 300 mm/s. The authors further
focused on the effect of post-processing heat treatment
showing that annealing (950�C, 15 min) and subsequent
aging (450�C, 2 h) led to a change in the microstructure,
featuring new grain boundaries and the presence of pre-
cipitates within the fine structured Cu grains. In addition,
hardness and thermal conductivity values were increased
due to the segregation of secondary phases from 85 HV1
and 126 W/mK to 112 HV1 and 309 W/mK, respectively.

The effect of heat treatments on the microstructure
and properties of CuCrZr processed by LB-PBF was like-
wise investigated by Wallis et al.35 The authors reported a
process parameter set promoting a relative part density of
99.99%, which was found to strongly depend on the
applied scan strategy (remelting) and hatching distance.
With respect to the influence of different heat treatments,
different conditions, that is, solution annealed (SA), solu-
tion annealed + aged (SA + A), and direct aged (DA),
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respectively, were compared with the as-built state. While
the as-built and the DA condition revealed a partly
recrystallized single phase microstructure with
visible scan tracks, the latter vanished and coarse
precipitations formed at the grain boundaries for the SA
and the SA + A conditions. Moreover, it was shown that
DA led to enhanced mechanical and equally high
thermal properties compared to a conventional SA + A
heat treatment, that is, a hardness of approximately
200 HV1 and a thermal conductivity of 300 W/mK.
Regarding tensile properties, an increase of the ultimate
tensile strength (UTS) from 287 to 466 MPa could be
observed upon DA compared to the as-built state,
whereas the ductility decreased from 33% to 12%.

Guan et al.38 focused on the effect of LB-PBF process
parameters and aging heat treatments on the properties
of CuCrZr alloy. They showed that as a result of parame-
ter optimization, a relative density of 97.65% could be
achieved by using a laser power, scan speed, and hatch-
ing distance of 435 W, 3500 mm/s, and 0.09 mm, respec-
tively. A maximum UTS of 490 MPa, combined with an
electrical conductivity of 73% with respect to the interna-
tional annealing copper standard (IACS, 100% IACS = 58
MS/m), was determined upon direct aging at 500�C for
1 h. An increase in the aging temperature (at the same
aging time) was found to lead to a decrease of the
strength as a result of overaging.

Another study focusing on process development for
gas atomization and LB-PBF of CuCrZr was published by
Jahns et al.39 They concluded that a laser power higher
than 300 W needs to be used in order to achieve parts
exceeding densities of 99.7%, though surface roughness
increased with an increasing laser power. A direct aging
post-processing heat treatment at 480�C for 4 h led to a
significant increase in hardness (from 92 HV0.1 to more
than 200 HV0.1) exceeding conventionally manufactured
benchmark specimens due to the formation of Cr precipi-
tates at the nanoscale and ZrO2 on the microscale,
whereas electrical conductivity was equal to the value of
the benchmark specimens.

A pyrometer-based melt pool monitoring (MPM)
study focusing on CuCrZr in LB-PBF was published by
the group of Artzt et al.40 With respect to a combination
of low overall porosity, stable processing conditions, and
high build rates, two process windows were identified
and recommended by the authors. Results of MPM rev-
ealed a significant influence of baseplate positioning
accounting for deviations of about 0.5% in total porosity,
which was attributed to the inert gas flow. Moreover, it
was shown that material properties such as porosity
strongly depend on geometry and complexity of the built
parts, and thus, heat transfer to the built platform. In this
regard, MPM intensity distributions visualized this effect

of different shapes and local geometry. Thus, although
sufficiently dense material was obtained for a certain
parameter set, using the same set resulted in substantially
varying porosity for an altered geometry of the built
parts.

Further investigations on LB-PBF CuCrZr were con-
ducted by Sun et al.41 and Ma et al.42 The former group
showed that, using a constant power, the influence of
scan speed on the density of the fabricated parts was
higher than that of the hatching distance. Furthermore,
tensile strength of the material was improved by increas-
ing laser power and decreasing scan speed, whereas
tensile strength initially increased and then decreased
with increasing hatching distance. Highest tensile
strength, hardness, roughness, and density, that is,
153.5 MPa, 119 HV, 31.384 μm, and 91.62% were
achieved using a laser power, scan speed, and hatching
distance of 460 W, 700 mm/s, and 0.06 mm, respectively.
A statistical model was established by the second group
predicting an optimal parameter set (laser power 350 W,
scan speed 650 mm/s, and 120 μm hatch space) with a
resulting density of 99.43%. Microstructure characteriza-
tion revealed elongated grains parallel to the build direc-
tion (BD) with average width and length of 30 and
250 μm, respectively, whereas smaller and more uniform
grains in the range of 10–100 μm were observed perpen-
dicular to the BD. In addition, a strong texture with
respect to the <110> direction was revealed parallel to
the BD by electron back-scatter diffraction (EBSD)
measurements. With respect to the mechanical proper-
ties, the as-built LB-PBF parts revealed a higher ductility
(25%) and similar UTS (321 MPa) on the one and a lower
yield strength (YS) (244 MPa) on the other hand in direct
comparison to wrought counterparts. For further studies
investigating the effects of heat treatments on the micro-
structure and mechanical properties of conventionally
manufactured CuCrZr, the reader is referred to work
available in open literature.43–46

As the introduction clearly outlines, the fatigue proper-
ties of LB-PBF CuCrZr have not been in focus of compre-
hensive studies so far. At this point, only a few studies
focusing on the fatigue behavior of conventionally
manufactured CuCrZr are available for reference pur-
poses.8,47–49 However, because many applications made of
CuCrZr, for example, high heat flux applications in fusion
systems, will be exposed to complex temperature histories
and mechanical loadings,8,48,50 a general understanding of
the fatigue properties of this alloy is necessary. In addition,
it is well known from literature that the fatigue behavior
of AM metal components is strongly affected by multiple
parameters, that is, residual stresses, surface roughness,
build orientation, post-processing, and most importantly
process induced defects such as pores or LoF.51
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In order to close the prevalent research gaps, the cur-
rent study was conducted. LB-PBF CuCrZr specimens
were subjected to different post-processing heat treat-
ments. Here, four different conditions were considered
for investigation: the as-built material, a condition of
maximum hardness (MH), a condition of maximum elec-
trical conductivity (MC), and a condition representing a
compromise between hardness and electrical conductiv-
ity (H&C). The microstructure of these conditions was
studied by EBSD. In addition, the mechanical properties,
especially the fatigue behavior in the low-cycle fatigue
(LCF) regime, are addressed. The results are critically
discussed based on microstructure evolution, fracture
surface analysis, and computed tomography (CT) in order
to obtain first insights into the performance of LB-PBF
CuCrZr under cyclic loading.

2 | MATERIAL AND METHODS

2.1 | Feedstock material

The pre-alloyed gas atomized powder was supplied by
SCHMELZMETALL GmbH, Germany, in the particle
size range of 10 to 63 μm. To characterize the quality of
the metal powder, the particle size distribution as demon-
strated in Figure 1A was analyzed by dynamic image
analysis using the Retsch Camsizer XT according to ISO
13322-2.52 Nonspherical particles were characterized by
equivalent diameters, defined as the diameter of a sphere,
which (with a given instrument) would yield the same
size measurement as the particle under consideration.
The powder shows a Gaussian distribution shifted to the
smaller particle sizes with diameters of d10 = 18 μm,

d50 = 31 μm, and d90 = 43 μm. The sphericity of the par-
ticles is given by the b/l ratio, where b is the smallest
span width of the particle and l the largest. The b/l ratio
was determined to be 0.827.

The shape of the powder particles was examined by
scanning electron microscopy (SEM). Details of the sys-
tem are provided in the next paragraph. As revealed by
the SEM micrograph depicted in Figure 1B, the dominant
fraction of the powder (a few representative powder par-
ticles are shown) is characterized by a uniform spherical
shape accompanied by some irregular particles and satel-
lites. The chemical composition of the powder, analyzed
by optical emission spectroscopy (OES) is within the
specifications of the alloy as seen in Table 1.

2.2 | LB-PBF setup

For manufacturing of the specimens, a Concept Laser M2
cusing machine without substrate plate heating was used.
The maximum power output of the fiber laser (1070 nm)
is 400 W. During the building process, the build chamber
was flooded with argon resulting in an oxygen level
below 0.25%.

Cuboids with an edge length of 10 mm were used for
process parameter development. Process parameters for a
laser power of 400 W and a hatch distance of 110 μm,
resulting in a volume energy density of 220 J/mm3, were
developed with respect to the highest density. The
volume energy density used is within the process
windows of the common literature on LB-PBF of
CuCrZr.35,38–41 The finally achieved relative density
determined by optical microscopy for this parameter set
is 99.4%.

FIGURE 1 (A) Cumulative and relative particle size distribution of CuCrZr and (B) scanning electron microscopy (SEM) micrographs

depicting CuCr1Zr powder revealing a dominant fraction of spherical shaped particles
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2.3 | Heat treatment, hardness, and
electrical conductivity

In order to analyze the influence of heat treatment on the
LB-PBF-processed material, 56 specimens were man-
ufactured based on the aforementioned process parame-
ters according to the geometry shown in Figure 2A. Half
of the specimens were SA at 950�C for 15 min and
quenched in water. After quenching, the specimens were
aged, following the experimental design shown in
Table 2. In the following, these specimens are named
“solution annealed and aged (SA + A).” The remaining
specimens were directly aged according to Table 2 after
LB-PBF processing. These specimen are named “direct
aged (DA)” in the remainder of the text. The aim of the
first part of the study was to characterize electrical con-
ductivity using eddy current method and hardness of
each condition, respectively. Based on these evaluations,
the conditions with the highest hardness, with the
highest electrical conductivity and a tradeoff between
those two characteristics were chosen for further investi-
gations. The Vickers hardness (HV10) was measured
using the hardness tester ZHV30 (Zwick/Roell,
Germany). For the different heat-treated conditions and
the as-built condition the hardness was measured based
on four cubes of each condition, with 12 equally
distributed points for each cube. Thereby, hardness

measurements in regions suffering process-induced
defects were avoided. In consequence, the hardness
values shown represent a mean value of 48 data points of
each condition. For determination of the electrical con-
ductivity, the specimen surface was ground with SiC
paper (15 μm grit size) before using a Sigmascope
SMP350 equipped with a probe FS40 (both Helmut
Fischer) operated at a measuring frequency of 60 kHz.
Results were evaluated in accordance to IACS.

2.4 | Microstructure and mechanical
testing

Following those preliminary investigations, four cuboids
with the dimensions of 20 � 10 � 30 mm3 (displayed in
Figure 2B) were fabricated. Based on the results of the
hardness investigations, three of the cuboids were
subjected to different heat treatments (cf. Section 3).
According to the schematic shown in Figure 2B, flat dog
bone shape specimens with a nominal gauge section of
8 � 3 � 1.5 mm3 (shown in Figure 2C) were cut from
the as-built and heat treated cuboids by electro-discharge
machining (EDM) for tensile and fatigue testing, as well
as in-depth microstructural analysis. The sample geome-
try employed was numerously used in literature (e.g., in
previous studies53–56), however, has not been captured by

TABLE 1 Chemical composition of as-atomized CuCrZr powder with specified values in weight percent

Cu Cr Zr Fe Si O

Specified value (wt. %) Balance 0.5–1.2 0.03–0.3 Max. 0.08 Max. 0.1

Actual value powder (wt. %) Balance 0.70 0.11 0.005 <0.02 0.006

FIGURE 2 Geometry of manufactured specimens, (A) electrical conductivity and hardness, (B) schematic depicting the processed

cuboids highlighting the location of the specimens, and (C) geometry of tensile and fatigue specimens
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an official standard so far. In order to ensure a homoge-
neous microstructure in the gauge section and to avoid
any influences caused by surface or edge effects, all speci-
mens were cut from the center for the cuboids.

Upon fabrication and post-processing, all specimens
were mechanical ground down to 5 μm grit size using
SiC paper in order to ensure a high surface quality.
Further in-depth analysis of microstructure, that is, grain
size and morphology, was conducted for the specimens
shown in Figure 2C) using a Zeiss ULTRA GEMINI high-
resolution SEM equipped with an EBSD unit, operating
at an acceleration voltage of 20 kV. For EBSD measure-
ments, polished specimens were additionally vibration
polished for 16 h using a 0.06 μm amorphous colloidal
silica suspension (MasterMet). All measurements were
done using the same magnification and step size, that is,
350� and 0.35 μm. The same SEM system was used to
examine fracture surfaces of the tensile-tested and
fatigued specimens.

Investigations on mechanical properties comprised
tensile and fatigue tests. A screw-driven MTS criterion
load frame with a maximum load capacity of 20 kN was
used to perform uniaxial tensile tests under displacement
control with a constant crosshead speed of 2 mm/min.
Strain measurement was conducted using a MTS minia-
ture extensometer with a gauge length of 5 mm directly
attached to the surface of the specimens. The same exten-
someter was used for strain control during the LCF tests,
performed in fully reversed push–pull loading (Rε = �1).
A constant strain rate of 6 � 10�3 s�1 and total strain
amplitudes of Δε/2 = ± 0.2% and Δε/2 = ± 0.35% were
used. The fatigue investigations were performed on a
digitally controlled servo-hydraulic load frame with a
maximum force capacity of 16 kN. In total, three tensile
tests and three fatigue tests were performed for each
condition.

In order to assess the results of fatigue testing more
precisely, computed tomography (CT) scans were per-
formed. CT specimens with a diameter of 2 mm were cut
via EDM along the build direction from different build
geometries. One specimen was cut out of the cuboid with
a side length of 10 mm that was used for parameter eval-
uation. The other CT specimen was taken from the

cuboid shown in Figure 2B. All CT scans were performed
with a voxel size of 2.56 μm using a ZEISS VERSA
high-resolution system. The reconstructed subvolumes
used to determine the porosity equated a size of
1400 � 1400 � 2200 μm3. The CT scan for the parameter
study was performed at a built height of 8 mm. For the
other specimen, four CT scans were conducted starting at
a height of 5 mm followed by subsequent steps of about
6 mm with respect to the built height.

3 | RESULTS AND DISCUSSION

As detailed in chapter 2, specimens of different shape
and size have been used in the present work. While rela-
tively small specimens (10 � 10 � 10 mm3) have been
processed for process parameter development, the size of
specimens was increased for assessment of microstruc-
ture and mechanical properties (specimens used for
tensile and fatigue testing are still in the miniature speci-
men regime). Thus, process and specimen design of the
present study generally followed established ways for
material qualification in AM. As will be detailed within
this section, however, the influence of geometry and of
the scan path length, respectively, is not sufficiently
addressed in most studies. In terms of conventional AM
materials, this shortcoming hardly affects results as the
materials considered can be regarded as being hardly sen-
sitive to geometrical constraints. As will be shown in the
remainder of present work, this simplifying assumption
does not hold true for the material being in focus here,
that is, CuCrZr. As will be detailed, detrimental effects
found can be attributed to the very small process win-
dows allowing for robust and reliable fabrication of solid
structures, and thus, eventually to the thermo-physical
properties of Cu-base alloys.

3.1 | Influence of heat treatment on
electrical conductivity and hardness

The influence of different heat treatments on the electri-
cal conductivity is shown in Figure 3. The as-built

TABLE 2 Experimental design for aging at different temperatures and times

Temperature (�C) Time (min)

450 10 30 60 120 180 300 480

500

550

600
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condition without subsequent heat treatment shows the
lowest electrical conductivity being characterized by 22%
IACS. This is consistent with the results of Guan et al.38

also revealing a low conductivity between 24% and 28%
IACS for their as-built parts, where slight variations were
depending on the parameter set used. This observation
can be explained by the high solute content after LB-PBF
processing and the concomitant scattering of electrons.57

The conductivity value of the as-built condition can easily
be increased by a subsequent solution annealing (52%
IACS). With an aging temperature above 500�C, the
physical properties are further increased to nearly 80%
IACS by a short-term treatment of 10 min. Longer
periods of aging are only able to improve the conductivity
marginally. The SA + A treatments with aging tempera-
tures beneath 500�C result in a decrease of conductivity
already for short-term treatments. Nevertheless, after
longer treatments (more than 100 min), all conditions
show an average conductivity of 80% IACS.

In the DA conditions, the final electrical conductivity
is dependent on the absolute temperature of the heat
treatment as well. Especially, short-term heat treatments
(10 min) result in superior conductivity for high tempera-
tures (550�C and 600�C) compared to low temperatures
(450�C and 500�C). The high-temperature treatments
lead to a conductivity between 68% and 75% IACS after
10-min aging without any pronounced improvement for
longer treatment periods. In case of the low-temperature
aging, the conductivity increases continuously with time
starting between 47% and 55% IACS up to 75% IACS.
Similar results for DA conditions, that is, upon DA at
500�C, 550�C, and 600�C, were also reported by Guan
et al.,38 where a maximum conductivity of 80.5% IACS
was shown for an aging temperature of 600�C and an

exposure time of 1 h. In the study mentioned, SA + A
treatments adequate for direct comparison were not con-
sidered. Still, the observations detailed can be rational-
ized based on the increase of the overall fraction of
precipitates with increasing aging temperature and the
concomitant decrease of the scattering effect of solid
solution atoms on electrons.38

Giving a brief summary of the results shown in
Figure 3, the SA + A conditions are characterized,
especially for long-term treatments, by a higher electrical
conductivity than the DA condition. Aging treatments,
irrespective of solutionizing, with a temperature above
500�C lead to better conductivity upon short-term treat-
ments than treatments at lower temperature. The highest
electrical conductivity (85% IACS = 49.3 MS/m) in pre-
sent work was achieved by the SA + A treatment upon
aging at 600�C for 480 min.

The experimentally determined hardness values of
the specimens as a result of heat treatment are given in
Figure 4. The as-built condition possesses an average
hardness of 80 HV1, which was similarly shown in
several studies reporting on LB-PBF CuCrZr.27,35,40 This
value is in the range of SA conventional conditions.58 It
can be assumed that due to the high cooling rates in the
LB-PBF process, formation of precipitates was suppressed
effectively and only small precipitates at the grain bound-
aries having a pinning effect on the subgrain structure as
shown by Jahns et al.39 developed. Thus, as a result of
the process-inherent characteristics, a supersaturated
solid solution state in the as-built condition, being
similar to SA conventional counterparts, evolves, being a
reasonable basis for the avoidance of the time-consuming
SA treatment.38 Findings discussed in literature are in
line with the results obtained in present work showing

FIGURE 3 Influence of

tempering temperature and time

on electrical conductivity of

laser beam powder bed fusion

(LB-PBF)-processed CuCrZr in

the conditions solution annealed

(SA), solution annealed and

aged (SA + A), and direct aged

(DA) [Colour figure can be

viewed at wileyonlinelibrary.com]
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that higher hardness values can be achieved by DA
heat treatments, that is, without initial SA. According
to Wallis et al.35 fine chromium precipitates of a few
nanometers in dimension form as result of DA, whereas
coarser Cr precipitations (100 nm to 1 μm) can be
observed upon conventional SA + A heat treatments.
The hardness of the as-built condition drops down to
60 HV1 when it is exposed to a solution annealing. This
effect, also observed by Buchmayr et al.27 and Wallis
et al.,35 can be attributed to the higher dislocation density
and fine-grained structure in the as-built condition as has
been shown for several materials as a consequence of
rapid cooling and intrinsic heat treatment, respectively.31

Microstructure evolution imposed by the SA treatment
will be further discussed in the next section.

By an aging treatment, the hardness of the SA
CuCrZr can be strongly increased. Here, the highest
hardness (125 HV1) is reached upon aging at a tempera-
ture of 450�C for 120 min. This is again in line with
Buchmayr et al.27 and Wallis et al.35 reporting hardness
values of 112 HV1 and 126 HV1, respectively, for the
same SA + A heat treatment strategy (data recompiled in
Figure 4). Afterward, the hardness drops down due to
overaging. For aging treatments at higher temperatures,
the increase in hardness is less pronounced. Here, the
550�C and the 600�C conditions reach a saturation of
hardness (85–90 HV1) already after 30 min without
significant variations imposed by longer dwell times. The
average hardness of the condition aged at 500�C is about
100 HV1.

The direct aged conditions generally show a higher
sensitivity to treatment periods. The maximum hardness
(MH) (184 HV1) in case of all conditions considered is
obtained after DA for 120 min at 450�C before overaging
effects come into play. Using the same DA strategy, a
hardness value of 185 HV1 was shown in the study of
Wallis et al.35 (data recompiled in Figure 4). With an
increase in the aging temperature, the MH is shifted to
shorter exposure times. Afterwards, overaging can be
observed. At a temperature of 600�C, the highest hard-
ness is reached only after 10 min of aging (125 HV1).
Thereafter, the hardness drops down to 95 HV1. The
peak aged condition for the 500�C and 550�C treatments
is seen after 30 min (170 HV1 and 150 HV1, respectively).
Afterward, the hardness decreases. Similar results with
respect to increasing aging temperatures were also shown
by Wallis et al.35 Generally, a more pronounced increase
of hardness can be seen after applying the DA strategy as
compared to the SA + A treatment. This observation can
be rationalized based on the initially high dislocation
density of the as-built condition as a result of the
characteristics of LB-PBF, for example, rapid cooling and
intrinsic heat treatment.31 In a similar fashion results
were discussed by Gururaj et al.,59 however, in that study,
focus was on the influence of dislocation density and
grain size on precipitation kinetics of a P92 grade steel.
The authors showed that with an increase in the disloca-
tion density, kinetics of precipitation formation were
accelerated. As a consequence of the SA treatment, a
reduction of the dislocation density can be expected,

FIGURE 4 Influence of tempering temperature and time on hardness of laser beam powder bed fusion (LB-PBF)-processed CuCrZr in

solution annealed (SA), solution annealed and aged (SA + A), and direct age hardened (DA) conditions [Colour figure can be viewed at

wileyonlinelibrary.com]
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eventually resulting in the less pronounced increase of
hardness seen in Figure 4.

Based on all results shown and discussed so far, three
different conditions were considered for further investiga-
tions (besides the as-built state): the condition of MH,
the condition of MC, and a condition representing a
compromise between high hardness and good electrical
conductivity (H&C). All properties and underlying heat
treatment parameters are summarized and Table 3.

3.2 | Microstructure

Microstructural analysis was carried out by EBSD.
Figure 5 shows representative EBSD inverse pole figure
(IPF) maps for all conditions considered. Regardless of
the condition, a high number of defects, such as pores
and LoF, represented by the black regions in the IPF
maps, can be seen indicating an insufficient melting in
case of the parameter set used. With respect to grain
morphology, the as-built condition (Figure 5A) is
characterized by a partly recrystallized microstructure
consisting of fine globular and larger columnar grains. In
addition, scan tracks can be deduced. This microstructure
can be rationalized based on the LB-PBF process charac-
teristics. Due to the repeated fusion of layers, already
solidified layers are re-heated or even partially re-melted,
eventually promoting partial in situ recrystallization.35,60

Similar observations regarding grain morphology of
as-built LB-PBF CuCrZr parts were reported by Wallis
et al.,35 Uhlmann et al.,37 and Ma et al.,42 all studies
showing partially recrystallized microstructures with
slightly elongated and serrated grains. In addition, a
characteristic texture with respect to BD, being character-
ized by the large fraction of <110> oriented grains
displayed in green, can be deduced for the as-built condi-
tion. A similar texture evolution parallel to the BD with a

TABLE 3 Selected heat treatments for target oriented property

profiles

Properties Heat treatment

Maximum electrical
conductivity (“MC”) (85%
IACS = 49.3 MS/m),
resulting hardness 84 HV10

SA at 950�C for 15 min
followed by water

quenching + aging at 600�C
for 480 min

Maximum hardness (“MH”)
(184 HV 10), resulting
electrical conductivity
67.5% IACS = 39.2 MS/m

DA at 450�C for 120 min

High hardness (151 HV 10)
and good electrical
conductivity (“H&C”)
(77% IACS = 44.6 MS/m)

DA at 500�C for 120 min

FIGURE 5 Scanning electron microscopy (SEM) micrographs plotted in form of electron back-scatter diffraction (EBSD) inverse pole

figure maps of the (A) as-built, (B) maximum hardness (MH), (C) hardness and conductivity (H&C), and (D) maximum electrical

conductivity (MC) conditions. Defects, such as pores and lack-of-fusion (LoF) are represented by the black regions. The grain

orientations are plotted with respect to the building/loading direction indicated by the arrow “BD” [Colour figure can be viewed at

wileyonlinelibrary.com]
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maximum texture intensity of 6.4 toward the <011> pole
was also shown by Ma et al.42 This observation was
explained by the high thermal conductivity of the
investigated CuCrZr alloy and the resulting strong
thermal gradients within the molten pools eventually
leading to competitive growth of grains. The influence of
LB-PBF process parameters on texture evolution in pure
copper was furthermore intensively studied by the group
of Jadhav et al.61 A strong texture evolution at the
top surface of the as-built parts with different types of
texture along the BD, that is, <110> and <100>, was
reported in dependence of the melt pool shape being
influenced by the parameter set used. Thus, the texture
evolution in the present study can be explained based on
the specific scanning strategy used. This pronounced
impact of process parameters on the crystallographic
texture is further stressed by the results of Jahns et al.39

reporting on a different type of texture for LB-PBF
CuCrZr parts as compared to Ma et al.42 and
present work.

Compared to the as-built state, the MH and the
H&C conditions (Figure 5B,C) reveal similar micro-
structures with respect to grain size and morphology;
however, a slight reduction in texture intensity is
indicated (data not shown). Thus, the partially rec-
rystallized microstructure showing traces of initial scan
tracks remains unchanged upon DA heat treatment as
also revealed in the study of Wallis et al.35 In contrast,
significant changes in microstructure evolution upon
SA + A can be seen in case of the MC condition as
shown in Figure 5D. As a result of SA, a homogeneous,
fully recrystallized microstructure being characterized
by vanished scan tracks and large grains (including
recrystallization twins) develops as numerously shown
in literature.27,35

3.3 | Monotonic behavior

In Figure 6 the behavior under quasi-static tensile loading
for all conditions considered is highlighted by representa-
tive stress–strain curves. It has to be noted that irrespective
of the condition, final failure was exclusively located in the
gauge length of the specimens. The most important
characteristic values from tensile tests are summarized in
Table 4. The as-built condition is characterized by an
almost ideal elastic–plastic behavior being characterized by
a YS of approximately 150 MPa, whereas UTS and elonga-
tion to failure can be determined as 207 MPa and 17%,
respectively. The relatively low strain-hardening capability
indicates a high initial dislocation density, which already
has been numerously reported for parts fabricated via LB-
PBF.62,63 Comparing YS and UTS of the present work to
other investigations reporting on the tensile behavior of as-
built LB-PBF CuCrZr parts, lower values are observed.
Reasons for this finding will be detailed and discussed in
the final section of this chapter.

When applying the DA heat treatment, characteristic
values obtained by tensile testing significantly change as
compared to the as-built state. This is obvious from the
MH and H&C conditions, where a substantial increase in
the YS and UTS as well as a concomitant decrease in the
ductility can be found. As expected and in line with

FIGURE 6 Tensile stress–strain
curves for the conditions as-built,

maximum hardness (MH), hardness and

conductivity (H&C), and maximum

electrical conductivity (MC) [Colour

figure can be viewed at

wileyonlinelibrary.com]

TABLE 4 Values obtained by tensile testing

Condition YS (MPa) UTS (MPa) Elongation (%)

MH ≈325 370 5.0

H&C ≈275 355 7.4

MC ≈100 241 18.4

As-built ≈150 207 17.0
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the hardness measurements, highest strength values, that
is, a YS of 325 MPa and a UTS of 370 MPa, are found for
the MH condition, where elongation to failure drops to
5%. Thus, a DA heat treatment at 450�C for 120 min is
recommended for applications where highest strength is
required. Despite its lower YS (275 MPa), the H&C condi-
tion is characterized by an almost identical UTS value
(355 MPa) and an increased ductility of 7.4% compared to
the MH condition. As a result, DA at 500�C for 120 min
should be the heat treatment of choice for applications
requesting a trade-off between relatively high strength
and electrical conductivity. Because microstructural
investigations revealed no changes in direct comparison
of the as-built and MH and H&C conditions, the increase
in strength and concomitant loss of ductility for the two
latter conditions can be explained by precipitation hard-
ening induced by DA. According to Wallis et al.,35 the
increase in strength in DA specimens can be attributed to
fine chromium precipitates of a few nanometer in
dimension. Besides the increase in strength, the drop in
ductility can additionally be reasoned by these precipi-
tated hardening phases.

The MC condition is characterized by the lowest YS
but highest ductility revealing values of approximately
100 MPa and 18.4%, respectively. The conventional SA
+ A heat treatment used for establishing this condition is
recommended for applications demanding for maximum
electrical conductivity (MC) (Figure 3). The relatively low
strength of the MC condition despite aging can be
explained by the aging time and temperature. As can
be deduced from Figure 5, overaging occurred in case of
numerous heat treatments applied. Thus, the critical par-
ticle size for peak aging was exceeded and reduction of
the dislocation density is expected to have occurred in
parallel.35,64 Singh et al.64 reported that overaging at
600�C for 2 and 4 h led to a reduction in precipitate den-
sity by a factor of about 10 and 200, respectively. As a
consequence, the strength decreases significantly. Con-
comitantly, the weaker scattering effect of the matrix on
electrons in the overaged state leads to the MC.38

Another explanation for the relatively low strength can
be deduced from the results of microstructural investiga-
tions. As shown in Figure 5, the SA treatment used for
establishing the MC condition resulted in evolution of
a coarse grained, fully recrystallized microstructure.
Moreover, more pronounced work hardening as com-
pared to the as-built state is seen for the MC condition,
leading to a relatively higher UTS value of 241 MPa. This
fact can be rationalized based on the microstructural
characteristics upon SA, among others a diminished
initial dislocation density.65 Again, it has to be noted that
generally higher values with respect to strength and
ductility can be found in studies being available in open

literature,35,38 applying similar heat treatments compared
to the MH, H&C, and MC conditions detailed here.
Reasons for this will be detailed and discussed in the final
section of this chapter.

Results deduced from post-mortem fracture surface
analysis are displayed in Figure 7. Irrespective of the
condition and heat treatment, respectively, similar obser-
vations are made. All fracture surfaces are characterized
by significant amounts of pores and LoF defects. In line
with the results from tensile tests, small areas with a
dimple-like appearance can be observed for the condi-
tions with the highest ductility, that is, the as-built and
MC conditions (cf. Figure 7A,J). On the one hand, pores
form when metal powders including hollow structures
are utilized in the LB-PBF process representing a well-
known phenomenon related to gas-atomized precursor
powder in AM.66,67 On the other hand, due to inadequate
process parameters, porosities can be caused either by an
insufficient level of energy leading to LoF defects or by
immoderate high energy resulting in a collapsed melt
pool entrapping gas, referred to as keyholing. Generally,
the dissolved gases cannot escape from the melt pool due
to the rapid nature of AM processes.66 With respect to
the high amount of pores (including their respective
shapes and dimensions, respectively) revealed by fracture
surfaces analysis and taking into account the high ther-
mal conductivity of the CuCrZr alloy used in the present
study, entrapped gas and inadequate process parameters
can be considered being the main reason for porosity.
Eventually, the fracture surfaces are dominated by large
LoF defects being characterized by unmolten powder
particles as can be seen in the magnified images of the
marked white dashed rectangles in Figure 7. LoF defects
can be rationalized based on a too low energy input. As a
consequence, the size of the molten pool is small
resulting in an insufficient overlap between the scan
tracks and overlapping layers, respectively, eventually
leading to evolution of relatively large, flat defects
decorated with unmelted powder particles. After deposi-
tion of a new layer, these powder particles cannot be fully
re-melted, forming fusion holes in the fabricated LB-PBF
part.66 Therefore, it can be concluded that the energy
input was not high enough due to inadequate process
parameters leading to manufacturing of parts with a rela-
tively low relative density. This is contrary to the process
parameter and density optimization as outlined in
chapter 2 and will be further discussed in a subsequent
paragraph.

The high number of process-induced defects and the
concomitant low density of the specimens can be consid-
ered being the main reason for the lower values found for
strength and ductility for the different conditions of
present work as compared to studies published in open
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literature. Studies from Guan et al.38 and Sun et al.41

discussed results in a similar fashion. Guan et al.38

showed a high number of pores revealed by fracture
surface analysis upon tensile loading eventually being
responsible for a lower strength of the alloy. Sun et al.41

reported numerous LoF defects decorated by unmelted
powder particles and a large number of pores leading to
a significant decrease in strength and ductility. In
contrast, excellent ductility and high strain to failure,
respectively, rationalized based on the absence of pores
and/or unmelted particles were reported by Ma et al.42

Although strength and ductility are decreased by the high
amount of process-induced defects, they do not affect the
properties under quasi-static tensile loading as
severe as under cyclic loading, as has been shown for
many materials processed by AM and LB-PBF, respec-
tively.68–71

3.4 | LCF behavior

Figure 8 displays representative cyclic deformation
responses (CDRs) of the different LB-PBF CuCrZr
conditions tested at two different strain amplitudes, that
is, Δε/2 = ± 0.2% and Δε/2 = ± 0.35%. It has to be noted
that three tests for each strain amplitude and condition
considered were conducted. Because the results did show
a high reproducibility and no pronounced scatter with
respect to fatigue life and cyclic stress response, only one
curve per condition is shown for sake of brevity. In line
with the results of tensile tests and regardless of the
condition considered, failure locations solely occurred in
the gauge length of the specimens. In all tests, the load
was increased stepwise in order to avoid buckling of the
specimen. Thus, the prescribed strain amplitude was
reached after approximately 25–50 cycles, depending on

FIGURE 7 Scanning electron microscopy (SEM) micrographs showing the post-tensile fracture surfaces of the as-built (A), maximum

hardness (MH) (D), hardness and conductivity (H&C) (G), and maximum electrical conductivity (MC) (J) conditions. The subimages (B, C),

(E, F), (H, I), and (K, L) show magnified views of areas within the marked white dashed rectangles in (A), (D), (G), and (J)
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the strain amplitude. As a consequence, the initial cycles
of the CDRs are excluded in terms of further interpreta-
tion of results. For the DA conditions, that is, the MH
and H&C conditions, this initial transient behavior is
followed by a stable stress plateau throughout the test for
a strain amplitude of Δε/2 = ± 0.2% (Figure 8A). In line
with the findings from tensile tests, the highest cyclic
stress levels can be seen for the CDRs of the MH and
H&C conditions due to their precipitation state. Here,
both conditions are characterized by a similar value of
the stress amplitude. Furthermore, similar number of
cycles to failure can be derived for both conditions. The
highest number of cycles to failure and the lowest cyclic
stress amplitude, respectively, are found for the MC
condition. Again, this is in good agreement with the
highest ductility derived from tensile testing. In line with
the pronounced work hardening seen under monotonic
loading, the cyclic behavior is characterized by slight
cyclic hardening. In contrast, the CDR of the as-built con-
dition is characterized by steady cyclic softening eventu-
ally leading to premature failure as compared to the
other conditions. As the as-built condition is expected to
be characterized by a high initial dislocation density,

which has been shown for many AM processed materials
before,63,72 the cyclic softening is thought to be related to
the rearrangement of process induced dislocations. In
case of the as-built condition, this cannot be compensated
by other mechanisms promoting additional hardening as
shown for other materials in literature.73,74 Thus, the as-
built CuCrZr is thought to be susceptible to damage
localization eventually leading to the inferior fatigue life
seen. Thus, without conducting an aging heat treatment,
insufficient properties in the LCF regime prevail. As
the as-built condition showed rapid failure already at
Δε/2 = ± 0.2%, no additional tests were conducted on
the strain amplitude level of Δε/2 = ± 0.35% for this
condition.

The CDRs of the three heat treated conditions for a
strain amplitude of Δε/2 = ± 0.35% are displayed in
Figure 8B. Irrespective of the condition considered, the
CDRs demonstrate that with increasing strain amplitude,
stress ranges increase and fatigue lives decrease. Further-
more, slight cyclic softening can be observed for all con-
ditions. In line with the results obtained for the strain
amplitude of Δε/2 = ± 0.2%, the highest fatigue life at a
strain amplitude of Δε/2 = ± 0.35% can be seen in case

FIGURE 8 Cyclic deformation response at room temperature for total strain amplitudes of Δε/2 = ± 0.2% (A) and Δε/2 = ± 0.35%

(B) for laser beam powder bed fusion (LB-PBF) processed CuCrZr conditions as-built, maximum hardness (MH), hardness and conductivity

(H&C), and maximum electrical conductivity (MC). See text for details [Colour figure can be viewed at wileyonlinelibrary.com]
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of the MC condition. In contrast to the results shown for
the lower strain amplitude, the H&C condition reveals a
higher number of cycles to failure as compared to the
MH condition despite similar stress levels. From these
findings, it can be concluded that fatigue life of the MH
and H&C condition is dominated by ductility at high
strain amplitudes, whereas at lower strains, and thus,
higher number of cycles, the hardness, respectively the
strength of the material becomes more important. Corre-
lation of hardness, defect sizes and fatigue life has been
in focus of many recent papers as summarized by Zerbst
et al.75 In order to assess the fatigue strength at high
number of cycles, either Murakami's

ffiffiffiffiffiffiffiffiffi

area
p

concept or
the Kitagawa–Takahashi diagram including its modifica-
tions of El-Haddad and Chapetti parameters is commonly
applied.76–78 For instance, Murakami's approach
considers a coefficient for interior subsurface defects or
surface defects and the square root of the projection area

of a small crack or defect with respect to the principal
stress direction. In addition, the hardness of the assessed
material is used as a basic material strength parameter.
Taking this approach into account, a more important role
of the hardness at lower strains can be expected. How-
ever, fatigue life assessment was clearly out of scope of
the current study and will be subject of future work.

Corresponding half-life hysteresis loops are depicted
in Figure 9. As a result of the fine chromium precipitates
being expected in the LB-PBF CuCrZr tested (according
to Wallis et al.35), a fully elastic cyclic response can be
derived from the closed hysteresis loops for both DA
conditions, that is, the MH and the H&C conditions, for a
strain amplitude of Δε/2 = ± 0.2% (Figure 9A). In
contrast, the as-built and the MC conditions are charac-
terized by a significant contribution of plastic strain, as
directly deduced from the open hysteresis curves. How-
ever, despite almost similar stress levels, half-life

FIGURE 9 Half-life hysteresis

loops for the laser beam powder bed

fusion (LB-PBF) processed CuCrZr

conditions as-built, maximum hardness

(MH), hardness and conductivity

(H&C), and maximum electrical

conductivity (MC) at total strain

amplitudes of Δε/2 = ± 0.2% (A) and

Δε/2 = ± 0.35% (B). See text for details

[Colour figure can be viewed at

wileyonlinelibrary.com]
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hysteresis curves and a similar degree of ductility
(as deduced from the monotonic behavior), the fatigue
life of the MC condition is increased by a factor of
approximately 20 due to solutionizing and aging. Upon
increasing the strain amplitude to Δε/2 = ± 0.35%, the
half-life hysteresis loops of all conditions obviously is
opened (Figure 9B); that is, a significant increase in the
amount of plastic strain is revealed, eventually rationaliz-
ing the remarkable drop of the number of cycles to
failure for all conditions considered.

The results obtained by LCF experiments can further
be rationalized based on the results of facture surface
analysis as shown in Figure 10. Fracture surface analysis
was carried out for all conditions tested, however, for
sake of brevity only conditions fatigued at a strain
amplitude of Δε/2 = ± 0.2% are shown. Due to similar

characteristics, the micrographs displayed can be reg-
arded being representative for all tests. Irrespective of the
condition, well-known features of fatigued specimen, that
is, areas being related to fatigue crack initiation and prop-
agation and an overload fracture area, can only hardly be
derived as can be deduced from Figure 10A,D,G,J. The
high number of process-induced defects such as pores
and LoF being characteristic for the tensile specimens is
also confirmed by the results of post-fatigue fracture
surface analysis. Furthermore, as highlighted, for
example, in the magnified views in Figure 10C,L, it is
obvious from the fatigue striations seen that the large
LoF defects promote local stress concentrations eventu-
ally promoting multiple fatigue crack initiation events.
Similar observations have already been reported for
numerous AM materials. Many studies highlight crack

FIGURE 10 Scanning electron microscopy (SEM) micrographs showing the fracture surfaces of the as-built (A), maximum hardness

(MH) (B), hardness and conductivity (H&C) (C), and maximum electrical conductivity (MC) (D) condition after fatigue testing at a strain

amplitude of (A) Δε/2 = ± 0.2%. The subimages (B, C), (E, F), (H, I), and (K, L) show magnified views of the areas marked by white dashed

rectangles in (A), (B), (D), (G), and (J)
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initiation on a plane being oriented perpendicular to the
loading and building direction, respectively, induced by
defects such as LoF. Due to their size and irregular shape,
LoF defects are considered to be most detrimental in
terms of fatigue of AM materials.68,79–81 Thus, from the
results of fracture surface analysis, it can be deduced that
the process induced defects have the expected detrimen-
tal influence on the cyclic properties of the LB-PBF
CuCrZr investigated in present study. At lower strain
amplitudes, this influence can be partly compensated by
the effects of the aging heat treatment as shown for all
aged conditions compared to the as-built state. However,
multiple fatigue crack initiation sites located at LoF
defects were detected on the fracture surfaces of all
conditions. With an increasing cyclic load level, this
impact turns out to be less effective and a significant
decrease in the fatigue properties of all conditions, rep-
resenting a crucial drawback in the structural integrity of
the alloy, can be observed.

3.5 | Computed tomography

Based on the results obtained from mechanical character-
ization, a more detailed defect characterization was

carried out by CT measurements in order to shed light on
the discrepancies detailed before, that is, the pronounced
differences in terms of the defect density deduced from a
direct comparison of the fracture surfaces and the param-
eter and density optimization study. These measurements
were only conducted for the as-built condition and can
be regarded as being representative for all conditions due
to the fact that process induced defects such as pores and
LoF cannot be diminished by conventional heat treat-
ments. The results are shown in Figure 11. For the CT
measurements, representative volume elements were cut
from the cuboids of the parameter study and the as-built
condition, as shown in the upper left. On the left-hand
side, a schematic of the volume element being represen-
tative for the parameter study is shown with the actual
CT data and the corresponding relative density. On the
right-hand side, the volume element of the as-built
cuboid used as a basis for the mechanical investigations
is displayed schematically accompanied by four measure-
ments at heights of 5, 11, 17, and 23 mm including their
corresponding relative densities.

As already stated in section 2, cubes with a size of
10 � 10 � 10 mm3 were manufactured and afterwards
ground and polished to determine porosity by optical
microscopy for the parameter study (not shown). The

FIGURE 11 Results of computed tomography (CT) measurements for the parameter study (left-hand side) and for the cuboids, which

were used as a basis for mechanical testing, at different heights (right-hand side) with corresponding relative densities. The representative

volume elements were cut from the cuboids as schematically highlighted in the upper left corner [Colour figure can be viewed at

wileyonlinelibrary.com]
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representative volume element of the parameter study
assessed by CT is characterized by a density of 99.5%,
which is in a good agreement with the density
analyzed via optical microscopy (being 99.4%). For the
tensile and fatigue specimens, cuboids with a size of
20 � 10 � 31 mm3 were produced employing the same
parameter setting using the same powder and the same -
LB-PBF system. Across the complete built height, the rel-
ative density is decreased in comparison to the specimen
of the parameter study. At heights of 5, 11, 17, and
23 mm, the densities are about 97.9%, 98.5%, 98.1%, and
97.3%, respectively. The results clearly show that the
intended high density was not achieved. Obviously,
the increase in porosity must be influenced by the change
in dimensions of the samples processed. The CT measure-
ments were conducted along the whole specimen height
to further resolve any influence induced by built height.
From the results shown in Figure 11, it is obvious that
the pronounced increase in porosity is not caused by the
increase in build height, even if the lowest density was
measured at a height of 23 mm. Instead, the increase in
scan path length by a factor of 2 in one dimension is most
likely the reason for the high fraction of porosity. The
high influence of geometry on the resulting microstruc-
ture evolution of LB-PBF CuCrZr was also shown by the
group of Artzt et al.40 Although parameters were opti-
mized and dense material was obtained for a simple
geometry in that study as well, the authors revealed a
high sensitivity for a change in dimension resulting in a
substantially altered porosity for more complex geome-
tries. From the results shown, an influence of process-
induced defects on the hardness and thermal conductivity

values introduced and discussed before, determined
based on specimens of the geometry shown in Figure 2A)
can be excluded, as the scan path lengths in this case are
smaller as compared to the 10 � 10 � 10 mm3 volume
considered for the parameter study.

The alignment of pores (top view) is shown in
Figure 12. In case of the parameter study, the porosity is
characterized by a distribution without any specific align-
ment. The section of the cuboid, which was used for
mechanical testing, shows an alignment of pores in a
checkerboard pattern. The distance between the pores
can be estimated with 120 μm. The patterns shown are
representative for the whole specimen, as they were
resolved in every measurement. Considering their overall
dimensions, these patterns can be correlated with the
hatch distance of 110 μm employed in present work.
The results reveal that the main reason for porosity is
originated in severe LoF. Similar observations were
reported by Uhlmann et al.37 and Sun et al.41 presenting
similar insufficient relative densities. It can be assumed
that the width of the melt pool is too small for the given
hatch distance. Therefore, the pores occur between two
adjacent melt tracks. Further, it is thought that due to
the longer melt tracks in comparison to the parameter
study and the high thermal conductivity of the CuCrZr
alloy, the previous melt track dropped too much in
temperature such that the energy input is too low to
promote sufficient melting thereafter. The high number
of pores seen in the CT data is in good agreement with
fracture surface analysis and the detrimentally affected
results obtained for the mechanical properties, especially
under cyclic loading.

FIGURE 12 Section of the computed tomography (CT) scans for the parameter study (A) and for the larger cuboid fabricated for

mechanical testing at a height of 20 mm (B). The representative volume elements are shown in top view [Colour figure can be viewed at

wileyonlinelibrary.com]
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The results of the present study clearly evidence that
a detailed analysis of the process parameters as a function
of the geometry is indispensable for the realization of
reliable CuCrZr applications enabled by LB-PBF in order
to take advantage of AM. This obviously has to include
the production of complex geometries, to finally ensure
adequate microstructures and densities eventually pro-
moting reliable mechanical properties and structural
integrity of the fabricated parts, especially under complex
loading regimes.

4 | CONCLUSIONS

CuCrZr processed by LB-PBF has been subjected to dif-
ferent post-processing heat treatments, that is, direct
aging (DA) and solution annealing and aging (SA + A).
In total, four different conditions were considered for this
study: as-built, a condition of maximum hardness (MH),
a condition of maximum electrical conductivity (MC),
and a condition representing a compromise between bal-
anced hardness and electrical conductivity (H&C). For
these conditions, the microstructure and mechanical
behavior under quasi-static and particularly cyclic
loading (LCF regime) at ambient temperature have been
investigated. From the findings presented the following
conclusions can be drawn:

• The effect of different heat treatments (SA + A and
DA) on the resulting hardness and electrical conduc-
tivity was analyzed. DA at 450�C for 120 min led to a
MH of 184 HV 10, whereas MC of 85% IACS was
achieved as a result of SA at 950�C for 15 min followed
by water quenching + aging at 600�C for 480 min. A
trade-off condition (H&C) with moderate H&C
(151 HV 10 and 77% IACS) was accomplished as a
result of DA at 500�C for 120 min.

• Partially recrystallized microstructures were revealed
for the as-built, MH, and H&C conditions with respect
to grain size and grain morphology. As a consequence
of SA, the microstructure of the MC condition is char-
acterized by fully recrystallized large grains. Pores and
LoF defects were found irrespective of the condition
considered.

• Quasi-static tensile loading revealed inferior values in
terms of strength and ductility compared to LB-PBF
CuCrZr presented in literature. This can be related to
the high number of process-induced defects as deter-
mined by fracture surface analysis.

• Cyclic deformation response of the as-built condition
is characterized by cyclic softening and a low number
of cycles to failure. Irrespective of the specific heat
treatment, aging stabilizes the cyclic behavior at a

lower strain amplitude. The low relative density and
high number of defects, respectively, of the fabricated
parts act as stress raisers eventually leading to multiple
crack initiation points.

• Based on the results revealed in present work, a high
sensitivity of CuCrZr processed by LB-PBF with
respect to the actual geometry realized is found. Thus,
an optimized parameter set (relative density of 99.4%
using a volume energy density of 220 J/mm3) for a
given geometry applied to a different geometry is not
adequate to obtain solid material of high density as
proven by CT investigations. Thus, for such kind of
hard to process materials, geometry has to be consid-
ered as a very important variable in any process
parameter development campaign.
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